Introduction
Adenosine levels rise rapidly and markedly in response to ischemia, hypoxia, excitotoxicity, inflammation, and other brain insults . Increased extracellular adenosine acting at the A 2A receptor (A 2A R) may exert a complex and probably "fine-tuning" modulation of brain injury (de Mendonça et al., 2000; Chen et al., 2007) . On the one hand, A 2A R inactivation can protect the brain against various insults including ischemia, excitotoxicity, and mitochondrial toxicity (Cunha, 2005) . For example, genetic and pharmacological inactivation of A 2A Rs downregulates neuroinflammation and protects brain tissue against ischemia (Phillis, 1995; Chen et al., 1999) , the dopaminergic neurotoxin MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) and 6-OHDA (6-hydroxydopamine) (Chen et al., 2001; Ikeda et al., 2002; Yu et al., 2008) , excitotoxicity (Jones et al., 1998a,b; Popoli et al., 2002) , ␤-amyloid aggregation (Dall'Igna et al., 2007; Canas et al., 2009) , and traumatic brain injury (TBI) (Li et al., 2009 ). The protective effect of A 2A R inactivation in the brain has been attributed to inhibition of glutamate release and suppression of proinflammatory cytokines (Popoli et al., 1995 Yu et al., 2004; Cunha, 2005; Chen et al., 2007; Stone and Behan, 2007) . On the other hand, A 2A R activation has also been shown to attenuate brain damage induced by intracerebral hemorrhage (Mayne et al., 2001) , hippocampal kainate-induced excitotoxicity (Jones et al., 1998a) , striatal lesion (Chou et al., 2005) , and spinal cord injury (Li et al., 2006; Genovese et al., 2009 ). The neuroprotective effect of A 2A R activation in these injury models has been primarily attributed to inhibition of inflammatory processes and vascular effects. Furthermore, the neuroprotective effects of A 2A R agonists and antagonists are dependent on the stages of pathological processes (Li et al., 2006; Popoli et al., 2008) , extents of brain injury (Blum et al., 2003) , or routes of drug delivery (Jones et al., 1998a) .
The apparent paradoxical effects of A 2A R ligands on neuroinflammation and brain injury may in part reflect complex interactions between A 2A Rs and other neurotransmitters in the brain. In addition to adenosine, extracellular levels of glutamate increase rapidly (within minutes) and dramatically (up to 100-fold) in response to various brain injuries by presynaptic release from neurons and by exocytosis and possible reversal of glutamate uptake from astrocytes (Obrenovitch and Urenjak, 1997; Haydon and Carmignoto, 2006) . According to the well documented role of extracellular glutamate in excitotoxicity, we reasoned that the interplay of extrasynaptic glutamate and adenosine in CNS inflammatory cells (e.g., microglial cells) may be critical to how A 2A R activation impacts neuroinflammation and brain damage. We hypothesized that local increase of glutamate level switches the effect of A 2A R activation from antiinflammatory effect and neuroprotection to proinflammatory effect and cytotoxicity.
To test this hypothesis, we investigated the effects of A 2A R activation on neuroinflammation in the presence of varying concentrations of glutamate in primary cultures of microglial cells after treatment with lipopolysaccharide (LPS) and in intact animals after a cortical impact model of traumatic brain injury. The data we present here provide direct evidence that extrasynaptic glutamate levels dictate the switch from the A 2A R activationmediated antiinflammatory and neuroprotective to proinflammatory and cytotoxic role in vivo and in vitro. These findings identify a novel role for glutamate in modulation of neuroinflammation and brain injury via the adenosine-A 2A R system.
Materials and Methods

Wild-type and A 2A R knock-out mice
A 2A R knock-out (KO) mice (A 2A R Ϫ/Ϫ ) and their wild-type (WT) controls (A 2A R ϩ/ϩ ) were bred in a C57BL/6 ϫ 129SvEvSteel background. A 2A R Ϫ/Ϫ mice were generated by gene targeting as previously described (Chen et al., 1999) . The mice were maintained in a pathogen-free environment at the Animal Care Center of the Research Institute of Surgery and Daping Hospital (Third Military Medical University, Chongqing, China), with ad libitum access to regular mouse chow and drinking water. All procedures used in this study were reviewed and approved by the Institutional Animal Care and Use Committee of Third Military Medical University and performed under the supervision of the facility veterinary staff.
In vitro experiments
Primary culture of microglial cells. Mouse microglial cell cultures were prepared as described previously (Si et al., 1996) . In brief, cerebral cortices from neonatal mice (1-2 d of age) were dissected, carefully stripped of their meninges, and digested with 0.25% trypsin for 30 min at 37°C. Trypsinization was stopped by adding an equal volume of DMEM/F12 nutrient mixture containing 10% FBS. The suspension was pelleted and resuspended in culture medium and brought to a single-cell suspension by repeated pipetting, followed by passage through a 105 m pore mesh. Cells were seeded at 1 ϫ 10 6 cells/ml and cultured at 37°C in humidified 5% CO 2 /95% air until the mixed glial cultures were confluent (ϳ10 d). Floating and weakly attached cells on the mixed primary culture cell layer were obtained by gentle shaking for 10 -15 min. The resulting cell suspension was seeded in a 24-well plate and allowed to adhere for 30 min at 37°C. Unattached cells were removed, leaving strongly adherent cells, which are primarily microglia. The purity of the microglial cultures was Ͼ95%, which was confirmed by immunofluorescence with microglial marker MAC-1 monoclonal antibody (see supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). Purified microglial cultures were used for experiments within 2-3 d of isolation.
Pharmacological treatments. Microglial cells derived from A 2A R ϩ/ϩ and A 2A R Ϫ/Ϫ mice were pretreated with 0, 0.1, 0.5, or 5.0 mM glutamate, followed by a combination of LPS (1000 ng/ml) and the (Saura et al., 2005) . For LPS and CGS21680 cotreatment, CGS21680 was added 10 min before LPS treatment. To elucidate the signaling pathway associated with A 2A R action, 10 M N-[2-[[3-(4- GF109203X) was added to microglial cultures 30 min before glutamate was added. At these doses, H-89 (IC 50 , 5 M) (Bracken et al., 2006) and GF109203X (IC 50 , 1-2 M) (Cobine et al., 2007) can exert the inhibitory effect on protein kinase A (PKA) or protein kinase C (PKC) substrate phosphorylation and related cellular functions, respectively. All reported values were presented as means Ϯ SEM of three independent experiments conducted in triplicate.
Measurement of NO levels. Twelve hours after agents were added, the supernatants were collected, and the NO level was assayed according to the instructions in the NO detection kit (Cell Technology) based on the Griess reaction as an indirect indicator of nitric oxide synthase (NOS) activity.
cAMP content in microglial cells. The cAMP content in the cell lysates was determined using the overnight acetylation protocol of a 125 I-cAMP SPA kit (GE Healthcare), which is based on a 125 I competitive binding assay.
In vivo experiments
Cortical impact model of TBI. A moderate cortical impact was performed by the weight-dropping method as previously described (Li et al., 2008 (Li et al., , 2009 . Briefly, to minimize discomfort and pain, mice were anesthetized with intraperitoneal injection of 50 mg/kg pentobarbital sodium and then placed in a stereotaxic frame and subjected to 2-mm-diameter craniotomy over the left parietal cortex, with the center between the bregma and lambdoid suture. After TBI, the bone flap was repositioned, and the skin was closed with continuous sutures. Approximately 3-4 h after surgery, mice regained consciousness. Anesthesia (pentobarbital sodium, 50 mg/kg) was also used when mice were killed for analysis.
Determination of glutamate concentrations in the CSF. At five different time points after TBI (15 min, 3, 6, 12, and 24 h), glutamate levels in CSF were assayed by HPLC as previously reported (Begley et al., 1994) .
Pharmacological treatments. Based on the time course of glutamate level in the CSF, the mice subjected to TBI were injected intraperitoneally with the A 2A R agonist CGS21680 (0.1 mg/kg) or the A 2A R antagonist 4-(2-{[5-amino-2-(2-furyl) [1, 2, 4] triazolo [1,5-a] [1,3,5]triazin-7-yl]amino}ethyl)-phenol (ZM241385) (1 mg/kg) at 15 min, 3, 6, or 12 h after TBI. In a separate experiment, the mice were treated with glutamate release inhibitor (S)-4-carboxy-3-hydroxyphenylglycine [(S)-4C3HPG] (Lorenc- Koci et al., 2001) at dose of 1, 5, or 10 mg/kg (intraperitoneally) 30 min before TBI, and the dose of ( S)-4C3HPG that reduced the glutamate level in CSF at 15 min after TBI was selected to combine with CGS21680 treatment at 15 min after TBI. The effects of these agents on brain damage were evaluated at 24 h after TBI (Li et al., 2009) .
Neurological deficits, brain water content, and the mRNA level of inflammatory cytokine in cortex and cultured microglial cells were determined as we descried previously (Li et al., 2008 (Li et al., , 2009 .
Detection of inducible NOS density. Inducible NOS (iNOS) density in mouse brain after TBI was determined with standard immunofluorescence immunohistochemistry. Briefly, frozen sections of brain tissue (24 h after TBI) were acetone-fixed for 10 min, followed by incubation for 30 min at 37°C with rabbit anti-mouse iNOS antibody (Santa Cruz; 1:100). After washing three times with PBS and incubation with FITCconjugated goat anti-rabbit secondary antibody for 30 min at 37°C, the sections were washed in a similar manner and examined by fluorescence microscopy.
Statistical analysis
Neurological deficit scores were analyzed by nonparametric MannWhitney U test. Statistical comparisons of more than two groups were performed by factorial ANOVA followed by Bonferroni's post hoc test. Graphic data represent the mean Ϯ SEM. A value of p Ͻ 0.01 was considered statistically significant.
Results
The effect of A 2A R activation on LPSinduced NOS activity in microglial cells in vitro is dependent on extracellular glutamate concentration
Microglial cells are critically involved in neuroinflammation. We measured LPSinduced NOS and cAMP production by microglial cells. Twelve hours after drug addition, CGS21680 inhibited LPSinduced NOS activity and significantly increased cAMP production in control medium and in the presence of 0.1 mM glutamate in microglial cells derived from A 2A R ϩ/ϩ . By contrast, in the presence of 0.5 and 5.0 mM glutamate, CGS21680 promoted LPS-induced NOS activity and had no effect on LPS-induced cAMP production ( Fig. 1 A, B ). Once again, in microglial cells derived from A 2A R Ϫ/Ϫ , CGS21680 had no significant effect on LPS-induced NOS activity at any concentration of glutamate, confirming that the bidirectional effects of CGS21680 on NOS activity in microglial cells was mediated by the A 2A R (Fig. 1C,D) . A similar modulation of glutamate concentration on the effect of CGS21680 on NOS activity was observed in microglial cells 24 h after drug treatment, although at this time point, glutamate treatment alone caused some change in NOS activity compared with the control (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). Thus, glutamate concentration determines whether A 2A R activation inhibits or stimulates NOS activity in microglial cells. In addition, we observed a similar glutamatedependent switch in the effect of CGS21680 on LPS-induced tumor necrosis factor-␣ (TNF-␣) expression in microglia cells in a separate experiment (supplemental Fig. 3 , available at www. jneurosci.org as supplemental material).
The inhibitory and facilitative effects of A 2A R activation on NOS activity in microglial cells at different concentrations of glutamate require distinct signaling pathways
We next investigated whether the glutamate-induced switch in the effect of A 2A R on LPS-induced NOS activity in microglial cells indicates a change the predominant signaling cascades activated by A 2A R. It is well documented that A 2A R activation can signal through either PKA or PKC pathways (Fredholm et al., 2007) and that the PKA pathway underlies the suppression of inflammation by A 2A R activation in many tissues (Sitkovsky et al., 2004) . We therefore hypothesized that increasing glutamate concentrations suppress PKA signaling from the A 2A R, leaving PKC as the predominant signaling pathway. To explore this hypothesis, cultured microglial cells were treated with the PKA inhibitor H-89 or the PKC inhibitor GF109203X before treatment with CGS21680 and glutamate followed by LPS treatment. In the control medium or in the presence of 0.1 mM glutamate, H-89 blocked CGS21680-induced inhibition of LPS-induced NOS activity, whereas GF109203X had no effect on the CGS2180 inhibition ( Fig. 2A) . By contrast, in the presence of 0.5 and 5.0 mM glutamate, GF109203X blocked CGS21680-induced potentiation of LPSinduced NOS activity, whereas H-89 had no effect ( Fig. 2A) . As expected, H-89 blocked the LPS-induced increase in cAMP production, whereas GF109203X had no effect (Fig. 2B) . These results indicate that the CGS21680-induced inhibition of NOS activity in low concentrations of glutamate depends on the cAMP-PKA signaling cascade. By contrast, the CGS21680-induced potentiation of NOS activity in the presence of high concentrations of glutamate requires PKC activity.
Modulation of brain injury by A 2A R agonists and antagonists is dependent on the time of drug administration after TBI and is associated with the time course of changes in brain glutamate concentration
Next, we investigated whether local glutamate levels control the effect of A 2A R activation on neuroinflammation and brain injury in intact animals using a mouse cortical impact model of TBI. We first determined glutamate levels in the CSF of mice at various times after TBI (Fig. 3) . The glutamate level was lowest at 3 h after TBI and peaked at 12 h after TBI, declining thereafter but remaining elevated above the baseline at 24 h after TBI.
Based on this time course of changes in glutamate concentration, we treated the animals with CGS21680 or the A 2A R antagonist ZM241385 at 15 min, 3, 6, and 12 h after TBI and assessed behavioral deficits and brain water content at 24 h after TBI. CGS21680 administered at 15 min, 6, or 12 h after TBI, when glutamate levels were higher than the control, increased the neurological deficit scores compared with mice treated with vehicle (note: CGS21680 caused death in ϳ50% of mice when administered at 12 h after TBI and no death when administered at other time points after TBI). Conversely, the A 2A R antagonist ZM241385 administered at these time points reduced the behavioral deficit scores compared with mice treated with vehicle. However, when administered at 3 h after TBI, when glutamate concentration is at the lowest post-TBI level, CGS21680 attenuated the neurological deficits seen at 24 h, whereas ZM241385 aggravated the deficits (Fig. 4 A) . Consistent with these behavioral results, CGS21680 reduced, and ZM241385 increased, brain water content when administered 3 h after TBI, but both drugs had the opposite effect when administered at 15 min, 6, or 12 h after TBI (Fig. 4 B) . The effects of CGS21680 and ZM241385 administered at different post-TBI time points on TBI-induced TNF-␣ and IL-1 mRNA expression paralleled the changes in behavioral and brain water contents (Figs. 4C,D) . Last, CGS21680 and ZM241385 had no effect on behavioral deficit score and brain water content after TBI in A 2A R KO mice, confirming that the effects of both drugs were mediated by the A 2A R (Fig. 4 E, F ).
In addition, at 24 h after TBI, more iNOS-immunoreactive (iNOS-IR) cells were observed in brain sections from mice treated with CGS21680 at 15 min or 6 h after TBI than in sections from the vehicle-treated mice. Conversely, treatment with ZM241385 at 15 min or 6 h after TBI decreased iNOS-IR cells compared with the vehicle. At an intermediate time point, 3 h after TBI, the effect of the A 2A R ligands was reversed: CGS21680 decreased the number of iNOS-IR neurons, whereas ZM241385 increased iNOS-IR neurons compared with the vehicle group (Fig. 5) .
These results suggested that the direction of the effect of A 2A R ligands on inflammation and brain injury after TBI in mice were dependent on the extracellular glutamate concentration in the local environment at the time of ligand administration.
Treatment with the glutamate release inhibitor (S)-4C3HPG
converts the effect of CGS21680 on post-TBI brain injury from exacerbation to attenuation To substantiate the hypothesis that high concentrations of glutamate prompted the change in the effect of A 2A R activation on inflammation and brain injury, we reduced endogenous glutamate release by administering (S)-4C3HPG before TBI. As expected, (S)-4C3HPG dose-dependently decreased the glutamate level in mouse CSF at 15 min after TBI in WT as well as A 2A R KO mice (Fig. 6 ). As shown in Fig. 7A , (S)-4C3HPG at 5 mg/kg reduced the glutamate level from 12.5 to 3.9 M at 15 min after TBI. Thus, we selected 5 mg/kg (S)-4C3HPG for the combined treatment with CGS21680 since (S)-4C3HPG at 10 mg/kg resulted in some mortalities of mice after TBI. When we administered CGS21680 at 15 min after TBI and assessed neurological deficits and neuroinflammation markers at 24 h after TBI, we again found that CGS21580 exacerbated the neurological deficit and increased neuroinflammation markers induced by TBI but also found that (S)-4C3HPG pretreatment altered this effect significantly, attenuating the neurological deficits and reducing brain water content and expression of TNF-␣ mRNA and IL-1 mRNA ( Fig. 7B-E) . Thus, by blocking the TBI-induced increase in local glutamate level, we converted the direction of the CGS21680 effect on brain injury and neuroinflammation in vivo from exacerbation to attenuation.
Discussion
The local level of glutamate determines whether A 2A R activation enhances or inhibits the neuroinflammatory responses of microglia cells Our in vitro experiments were designed to test directly the hypothesis that the local concentration of glutamate controls the effect of A 2A R activity on neuroinflammation. We found that, in the presence of low levels of glutamate, A 2A R activation inhibited the LPSinduced inflammatory response in cultured microglial cells. However, in the presence of high concentrations of glutamate, A 2A R activation augmented the inflammatory response in microglial cells. Thus, the local glutamate concentrations dictate the direction of the effect of A 2A R activation: it is antiinflammatory at low glutamate concentrations and proinflammatory at high glutamate concentrations. The potentiation of LPS-induced NOS activity by A 2A R activation in microglial cells is consistent with a previous report showing that the A 2A R receptor agonist CGS21680 potentiated LPS-induced NO release and NOS-II expression in mixed glial cultures (75% astrocytes, 25% microglia) (Saura et al., 2005) . In our study, the enhanced effect of CGS21680 occurred only at high concentrations of glutamate; the concentration of glutamate in the culture medium used by Saura et al. is not indicated. Extracellular glutamate concentration had a similar effect on the modulation of LPS-induced TNF-␣ expression by A 2A R activation in microglia cells. In the CNS, glutamate can be released from presynaptic glutamatergic terminals such as corticostriatal terminals (Obrenovitch and Urenjak, 1997) . The A 2A R at these terminals have been shown to modify the amount and frequency of glutamate release (Marchi et al., 2002; Popoli et al., 2003) and extracellular glutamate outflow in various brain regions (Popoli et al., 1995; Corsi et al., 1999 ). Another important source of extracellular glutamate in the brain likely come from glial cells, as suggested by studies showing that astrocytes release large amounts of glutamate by physiological astrocytic calcium levels and by inversion of glutamate transporter activity during hypoxia (Haydon and Carmignoto, 2006) . With both neurons and astrocytes releasing glutamate after injury, the local CNS environment is likely to be glutamate-enriched and A 2A R activation would be expected to exert a proinflammatory effect.
Glutamate-dependent switch from antiinflammatory to proinflammatory of A 2A R activation is associated with signaling from the PKA to PKC pathway Our results with kinase inhibitors in cultured microglial cells indicate that the antiinflammatory effect of A 2A R activation at low glutamate concentrations is PKA dependent, whereas the proinflammatory effect of A 2A R activation at higher glutamate concentrations is PKC dependent. The cAMP-PKA pathway has been identified as the main signaling cascade responsible for A 2A R-mediated inhibition of acute inflammation (Cronstein, 1994; Haskó and Cronstein, 2004; Sitkovsky et al., 2004; Fredholm et al., 2007) . However, A 2A R activation can signal through cAMP-PKA independent pathways as well (Fredholm et al., 2007) , including PKC (Lai et al., 1997; Cunha and Ribeiro, 2000; Pinto-Duarte et al., 2005) , MAPK (mitogen-activated protein kinase) (Cheng et al., 2002; Schulte and Fredholm, 2003; Gianfriddo et al., 2004; Melani et al., 2006) , ␤-arrestin (Khoa et al., 2006) , and even Src-TrkA pathway (Malek et al., 1999) . In addition, recent studies show that the C terminus of the A 2A R binds to several interacting proteins [actinin, ARNO (ARF nucleotide binding site opener), Usp4, and TRAX (Translin-associated factor X)] and might mediate the G-protein-independent function of A 2A Rs (for review, see Fredholm et al., 2007) . These cAMPindependent signal pathways may be responsible for A 2A Rmediated enhancement of inflammatory response in the presence of high concentrations of glutamate. The PKC pathway , and 12 h after TBI, injured WT (A-D) and A 2A R KO (E, F ) mice were injected with the A 2A R agonist CGS21680 or the antagonist ZM241385. At 24 h after TBI, neurological deficits, brain water content, and TNF-␣ and IL-1 mRNA expression in the injured brain tissue were evaluated. A, E, Neurological deficit scores. B, F, Brain water content (the percentage brain water content of TBI brains was assayed using the wet-dry method and calculated as the difference between wet and dry weights divided by the wet weight of the brain). C, Relative expression of TNF-␣ mRNA. D, Relative expression of IL-1 mRNA. All the mRNA expression levels were normalized to GAPDH mRNA levels, and the data are expressed as the ratios relative to the control. *p Ͻ 0.01 compared with control; # p Ͻ 0.01 compared with the group treated with CGS21680 at the same time point; $ p Ͻ 0.01 compared with the group treated with CGS21680 at 15 min after TBI; & p Ͻ 0.01 compared with the group treated with CGS21680 at 6 h after TBI; n ϭ 10 mice per group. Error bars indicate SEM.
is particularly relevant since activation of PKC by A 2A Rs via a pertussis toxin-sensitive G-protein (G␣x) can phosphorylate adenylyl cyclase, leading to desensitization of A 2A R-cAMP signal pathway (Lai et al., 1997) . In the present study, we demonstrated that, in the presence of high concentrations of glutamate, the PKC inhibitor GF109203X but not the PKA inhibitor H-89 blocked the proinflammatory activity of A 2A R, indicating the involvement of the PKC signaling pathway in A 2A R proinflammatory responses. This raises the possibility that the proinflammatory effects of A 2A R activation at high concentrations of glutamate are attributable to a switch in A 2A R signal transduction pathways from cAMP-PKA to PKC. However, our study cannot distinguish the possible direct effect of PKC inhibitor on glutamate-mediated (such as mGluR5) PKC signaling from A 2A Rmediated PKC signaling, and additional studies are required to confirm this hypothesized switch in A 2A R signaling pathway.
It is not clear how high glutamate concentrations might trigger this switch. Heteromeric complexes contain both A 2A Rs and mGlu5 receptors and functional synergism between the two receptors has been demonstrated in striatal neurons (Ferré et al., 2002; Coccurello et al., 2004; Kachroo et al., 2005; Tebano et al., 2005) . Since both mGluR and A 2A Rs are expressed on inflammatory cells (polymorphonuclear neutrophils and microglial cells) (Gill and Pulido, 2001) , this cross talk between the A 2A Rs and mGluR5 receptors is one possible molecular basis for the glutamate concentration-mediated regulation of A 2A R function. Although our in vitro experiments demonstrated a critical role of A 2A R on microglia cells in this molecular switch, the A 2A R effects on neuroinflammation and brain injury in intact animals after TBI likely involve the intricate interplay between A 2A R and glutamate signaling not only in microglia cells but also in neurons, astrocytes, and infiltrated white blood cells. Moreover, A 2A R activation facilitates glutamate release, whereas inactivation of the A 2A R attenuates glutamate release in response to ischemic and excitotoxic injury (Cunha, 2005; Chen et al., 2007) . Thus, we speculate that enhanced glutamate release switches the effect of A 2A R activation from antiinflammatory effect to proinflammatory, leading to a possible feedforward loop and ultimately brain injury.
Local glutamate levels in the brain after traumatic brain injury dictate whether A 2A R agonists or antagonists have a neuroprotective effect Neuroinflammation is common pathological response to a variety of brain insults. Thus, we reasoned that the glutamate concentration dependence of the effect of A 2A R activity on neuroinflammatory processes in microglial cells may explain the variable effects of A 2A R agonists and antagonists on brain injury in intact animals. Using a mouse model of TBI, we evaluated the effect of CNS glutamate concentrations on A 2A R modulation of brain injury and found the following: (1) After TBI, glutamate levels in CSF undergo dynamic changes. (2) When administered at a time of low glutamate concentrations, A 2A R activation attenuated brain damage by inhibiting inflammatory cytokine expression and iNOS activity. (3) By contrast, when administered at a time when concentrations of glutamate were high, A 2A R activation aggravated brain damage by potentiating inflammatory cy- tokine expression and iNOS activity. (4) Importantly, when the high concentration of glutamate at 15 min after TBI was pharmacologically reduced by pretreatment with an inhibitor of glutamate release, the debilitating effect of A 2A R activation was converted to a protective effect. (5) Last, the specificity of the effect of A 2A R agonists and antagonists in WT mice was validated by the disappearance of these pharmacological effects in A 2A R KO mice. These results complement our in vitro results, demonstrating that local glutamate level dictates brain injury outcome by determining the effect of A 2A R on neuroinflammation. Furthermore, the combined effect of mGluR antagonism and A 2A R antagonism has been explored as the possible treatment to improve motor activity in animal model of Parkinson's disease (Coccurello et al., 2004; Kachroo et al., 2005) . Additional studies are needed to investigate the combined effect of A 2A Rs and mGluR5 antagonism on brain injury and to better characterize the mechanism by which ( S)-4C3HPG reduces glutamate level.
Our results clearly demonstrated the A 2A R effects on brain injury is context dependent, critically depending on local glutamate levels, and thus provide at least partial explanation for the paradoxical results reported with A 2A R agonists and antagonists in some CNS injury models and. For instance, Blum et al. (2003) reported that, when a high dose of 3-nitropropionic acid was administered to induce high glutamate outflow in the striatum, A 2A R activation exerted a deleterious effect; however, at a low dose of 3-nitropropionic acid and therefore lower glutamate outflow, A 2A R activation exerted a protective effect. In a spinal cord injury model, administration of A 2A R agonists was neuroprotective in early stages postinjury, whereas A 2A R inhibition was neuroprotective at later stages (Li et al., 2006) . This timedependent effect for A 2A R agonists and antagonists may well be attributable to changes in the local glutamate concentration in the spinal cord at different stages of the injury response, as we demonstrated here for brain glutamate concentrations after TBI. Similarly, Jones et al. (1998a,b) found that peripheral administration of the A 2A R agonist CGS21680 or central injection of antagonist ZM241385 into the hippocampus protects the hippocampus against kainate-induced excitotoxicity. It is tempting to speculate that different local glutamate levels in hippocampus (i.e., high glutamate) and in peripheral blood (relatively low level of glutamate) may contribute to this injection site-dependent difference in effects of A 2A R ligands. After brain injury, the extracellular level of adenosine increases rapidly and significantly, with preferential activation of A 1 R at relatively low levels of adenosine and preferential activation of the A 2A R at higher levels of adenosine (Cunha, 2005) . After ischemic brain injury, extracellular adenosine levels peak ϳ3 h , which is coincident with our finding of lower level of glutamate in the brain at 3-4 h after TBI. At this specific time window, activation of A 2A Rs by extracellular adenosine is protective, a finding consistent with previously reported motor functional improvement by the nonselective A 1 /A 2A agonist 2-chloroadenosine after TBI (Varma et al., 2002) . The finding also suggests that the documented general protective effect of extracellular adenosine may be mediated not only by effects at the A 1 receptor (de Mendonça et al., 2000) but also possibly by the effects at the A 2A R at specific time point. However, we also found that, at 6 h after TBI, which is considered the optimal time to treat TBI, CSF glutamate levels had returned to a relatively high level and A 2A R agonists exacerbated injury. This narrow therapeutic window for A 2A R agonists is consistent with the fact that most studies found that inactivation of A 2A Rs is protective after brain injury (Chen et al., 2007) and supports the broad spectrum of neuroprotection by A 2A receptor antagonists, whereas A 2A R agonists may be considered under some specific pathological conditions when brain glutamate level is relatively low. Mice were treated with the glutamate release inhibitor ( S)-4C3HPG 30 min before TBI. A, The glutamate concentration in injured mice was assayed at 15 min after TBI to confirm inhibition of glutamate release. ( S)-4C3HPG-treated mice were treated with CGS21680 at 15 min after TBI. B-E, The effects of combination treatment were evaluated at 24 h after TBI, including evaluating neurological deficit (B), brain water content (C), and inflammatory cytokine expression (D, E). All mRNA expressions levels were normalized to GAPDH mRNA levels, and the data are expressed as the ratios relative to the control. *p Ͻ 0.01 between the two groups;
# p Ͻ 0.01 compared with the baseline of intact mice treated with saline (A) or the TBI group treated with saline in control (B-E);
‚ p Ͻ 0.01 compared with the baseline of intact mice treated with ( S)-4C3HPG (A) or the TBI group treated with ( S)-4C3HPG in control (B-E). NS, Not significant; n ϭ 10 mice per group. Error bars indicate SEM.
A novel role for glutamate in neuroinflammation and brain injury In summary, in addition to the well documented excitotoxic effect of glutamate, our findings provide critical evidence for glutamate regulation of neuroinflammation and brain injury via the adenosine-A 2A R system. Furthermore, this novel control mechanism provides a plausible explanation for some reported variability in the effect of A 2A R activation on CNS injuries and provides compelling evidence that the functional outcome of A 2A R activation during brain injury is context dependent, critically depending on local glutamate level. These findings offer insight into the complexity of A 2A R-glutamate interactions and suggest a novel strategy for controlling inflammatory processes and limiting brain injury by regulating A 2A R activity according to local glutamate levels.
